Onshore studies in Cascadia reveal uniformly trenchperpendicular anisotropy, indicative of sub-slab mantle flow 4, 5 . Cascadia is unusual; most subduction zones demonstrate trenchparallel splitting 6 . This has been variously interpreted as rollbackinduced flow 6 , the influence of B-type olivine LPO in the mantle wedge 9 , or the consequence of strong radial anisotropy in steeply dipping, entrained flow 10 . We analyse data from Cascadia Initiative seismometer deployments 2 , including 27 onshore Transportable Array sites and 70 ocean-bottom seismometers (OBS), deployed in ten-month phases at 160 sites 2 . We analyse OBS data from years 1-3 of the Cascadia Initiative and 4 years of records from the NEPTUNE cabled seafloor observatory 11 . Public data from the X9 OBS array, deployed along the Blanco Fracture Zone in 2012-2013 (ref. 2) are also used (Supplementary Section 2).
Splitting parameters φ and δt are determined for each stationevent pair using two open-source software packages, before results are stacked to produce a single measurement at each site (see Methods). Shear wave splitting with OBS data is challenging owing to high noise levels within the S frequency band 12, 13 and uncertainty in instrument orientation 14 . We generally obtain 1-4 good-quality measurements per offshore station, compared with 8-15 results for the onshore sites (Supplementary Sections 3-6).
The Transportable Array stations produce a uniform splitting pattern along the length of the subduction zone (Fig. 1) . The mean fast direction and delay times are N72
• E and 1.34 s respectively, in agreement with previous studies and sub-parallel to the subduction direction of N60
• E (refs 4,5) . Offshore stations on the Juan de Fuca Plate exhibit a more complicated pattern: except for a single, ridge-parallel result near Cobb Hotspot, fast splitting directions (FSDs) vary between the trench-perpendicular and absolute plate motion (APM) direction. Alignment with the Juan de Fuca APM direction increases towards the trench (Fig. 2) . The FSDs then rotate into the subduction direction as one moves onshore.
Sites on the Gorda Plate produce a highly uniform pattern, but are aligned with neither Gorda APM nor the subduction direction. Their mean FSD of N66
• W aligns with the motion of the Pacific Plate (∼N57 • W; ref. 4 ) and with the ridge-perpendicular orientation (∼N67
• W). A marked change in FSD is observed just east of the trench in this region, where the fast directions rotate approximately 70
• into a trench-perpendicular orientation (Fig. 2a) . Results from stations situated on the Pacific Plate align well with APM, featuring a mean direction of N60
• W. This study complements previous shear wave splitting results from ocean basins 15, 16 and enhances coverage of the region. A notable feature of the existing onshore pattern is the arcuate splitting geometry observed south of the MTJ in northern California, which . The displayed tomography is a 100-400 km vertical average through the DNA13 P-wave velocity model of ref. 29 . This depth range corresponds to that part of the asthenosphere considered most likely to be the source of the observed anisotropy 9 . All splits are plotted at onshore seismometer/OBS locations. The splitting delay times are indicated by the length of the bars; example results with a delay time of 1.0 s are shown in the legend (bottom left). Black lines indicate plate boundaries, and the red lines are slab depth contours spaced at 10 km intervals 30 . Black arrows show the direction and magnitude of absolute plate motion (APM) in a hotspot reference frame 23 , and purple arrows show the subduction direction 4 . Inset maps show regions featuring a high concentration of splitting results. follows the southern edge of the down-going Gorda slab 4, 17 (Fig. 1) . The subducting slab is imaged by body wave tomography as a segmented, high-velocity anomaly with a 'gap' beneath northern Oregon 18 . This 'gap' does not seem to influence the splitting pattern, however.
Limited back-azimuthal coverage makes it difficult to model dipping or multi-layer regional anisotropy in our study. We follow previous teleseismic splitting studies 4, 5 of this area in interpreting a single anisotropic layer.
On oceanic plates, the dominant splitting signal is likely to arise from a combination of fossil anisotropy in the lithosphere and viscous shearing of the asthenosphere by plate motion 7 . According to the model of ref. 19 , the lithospheric component should lie in the fossil spreading direction, and the asthenospheric component should align with the direction of present-day mantle flow. Both are parallel to the spreading direction close to mid-ocean ridges, but diverge beneath older lithosphere as the asthenosphere is dragged into the APM direction 19 . Shear wave splitting studies of the East Pacific Rise 15 and in French Polynesia 16 generally support this idea.
Given realistic estimates of 50 km, 4% and 4.6 km s −1 for the thickness, percentage anisotropy, and shear wave velocity for the Juan de Fuca Plate, respectively, a lithospheric splitting time contribution of 0.43 s is predicted 4, 7 . This is significantly smaller than the OBS splitting times, implying that the asthenosphere is an important source of anisotropy.
The rotation of FSDs into the APM orientation east of the Juan de Fuca Ridge implies the influence of competing flow components. A variety of anisotropic fabrics might be expected in the vicinity of a mid-ocean ridge: upwelling asthenosphere in response to passive spreading, oriented melt pocket anisotropy along the ridge itself due to dyke intrusion 20 , lateral flow away from the ridge 21 and basal drag fabrics as the plate moves away from the ridge 19 . Splitting directions close to the Juan de Fuca Ridge generally lie between the APM and ridge-perpendicular direction, suggesting that lateral flow and basal drag are the strongest influences. We do not see a concentration of null results at stations located close to the ridge (see Methods), suggesting that the influence of vertically oriented LPO due to upwelling is minimal or confined to a narrow region.
One exception to the pattern occurs at site J39, just east of Axial Seamount. The splitting parameters here are well constrained and suggest strong ridge-parallel anisotropy (Supplementary Section 7) . This may be the result of aligned pockets of melt present near the ridge axis as observed on land in Ethiopia, a subaerial region of incipient oceanic spreading 20 . On the Gorda section of the plate system there is no significant variation in FSD with distance from the ridge. The FSDs are instead well aligned with the direction of Pacific Plate motion and with results from the Pacific Plate west of the Gorda Ridge and south of the Mendocino Fracture Zone. This implies that asthenospheric flow beneath the Gorda Plate, west of the trench, is determined by the regional pattern of shearing induced by the northwestward motion of the Pacific Plate, which moves at ∼60 mm yr −1 (ref. 22 ). An alternative suggestion posits that because flow in this region is ridge perpendicular, it is driven primarily by spreading of the Gorda Ridge. This is less likely given the apparent limited influence of the faster-spreading Juan de Fuca Plate on the splitting pattern to the north. The splitting geometry on Gorda does not suggest major contributions from motion of the plate itself or rollback of the trench, which operates at less than half the speed of the Pacific Plate.
The uniform, subduction-parallel splitting pattern seen on the North American Plate east of the trench is interpreted as a consequence of entrained mantle material beneath the down-going slab. Fossil anisotropy in the continental lithosphere and subducted slab has been shown to be insufficient to explain the observed high delay times 4 , thus implying an asthenospheric source 4 . Furthermore, the mantle wedge is thin or non-existent within most of the study area, so the only region thick enough to produce delay times commensurate to those observed is the sub-slab mantle 3, 4 . Nevertheless, onshore FSDs tend towards North American APM at great distances from the trench (Fig. 2b) , suggesting some influence from plate-motion-induced flow in the mantle wedge, or from lithospheric anisotropy. There is no significant change in delay times, however (Supplementary Section 8) .
Immediately east of the trench of the Juan de Fuca Plate, splitting geometry rotates smoothly from an APM-parallel direction into a trench-perpendicular direction. This is indicative of entrained easterly flow beneath the slab. In contrast, across the Gorda-North America plate boundary there is a sharp change in FSD (Fig. 2a) . This is difficult to justify with a single-layer interpretation because it would imply marked changes in flow direction. Instead, this region could host two layers of mantle flow: a shallow layer induced by motion of the Pacific Plate and a deeper layer related to entrainment by the subducting slab.
Our observation provides a test for the models of refs 1,23, which suggest that plates moving slower than 40 mm yr −1 (ref. 23 ) and within 500 km of a constructive plate margin 1 are less able to influence asthenospheric flow. Both Gorda and Juan de Fuca meet these criteria, so the observation that Juan de Fuca does affect the asthenosphere perhaps sets lower bounds on the age and speed of a tectonic plate that can induce asthenospheric flow.
The Gorda Plate is young (<10 Myr; ref. 24) , has a low absolute velocity 22 , is undergoing internal deformation 24 and may have had its current APM for less than 2 Myr (ref. 24) . In contrast, the neighbouring Pacific Plate is large, intact and fast moving. We have constructed a two-dimensional model of this situation using the method of ref. 25 to show that Pacific Plate motion is capable of generating westward flow beneath the width of the Gorda Plate, assuming that flow is largely confined to the uppermost mantle within a thin, low-viscosity asthenosphere (viscosity contrast 100, channel thickness 100 km (ref. 26 )-see Methods) beneath Gorda. This simple model demonstrates the plausibility of our interpretation of the splitting pattern (Fig. 3) .
This leads to discussion of the arcuate spitting geometry observed south of the MTJ and interpreted as flow forced eastwards around the slab edge by rollback 4 . This pattern, however, could be asthenospheric flow induced by drag from the N60
• W drifting Pacific Plate. A larger-scale arcuate splitting pattern, situated much further east, may instead be the result of deep toroidal flow around the slab edge, which extends below 400 km in this region 17 (Supplementary Section 9).
In summary, we propose that the splitting observed on the Juan de Fuca plate system is mainly the result of APM-driven asthenosphere flow. At depth, below the Cascada fore-arc, the down-going slab entrains underlying mantle material. West of the subduction zone, the Juan de Fuca Plate is sufficiently large and fast moving to influence mantle flow geometry. The Gorda Plate, however, is not. Flow directly beneath Gorda is instead induced by Pacific Plate motion. This places bounds on the size of plate capable of inducing asthenospheric flow.
Methods
Methods and any associated references are available in the online version of the paper.
